The phenyl radical, C 6 H 5 , derived from benzene by removal of one hydrogen atom, was detected at centimeter wavelengths in a pulsed supersonic molecular beam and subsequently at millimeter wavelengths in a low-pressure direct current glow discharge. Fourteen rotational transitions between 9 and 40 GHz and over 50 transitions between 150 and 330 GHz, each split by spin doubling, have been measured for the normal isotopic species, and a comparable number have been measured for the fully deuterated species. The spectrum of both isotopic species at millimeter wavelengths is reproduced to an uncertainty of 0.5 km s Ϫ1 or better with seven spectroscopic constants. Rotational constants predicted from high-level molecular structure calculations are in excellent agreement with the measurements. Phenyl is a prime candidate for astronomical detection, because it is the prototypical aromatic hydrocarbon radical and a possible progenitor of other aromatic species. Subject headings: ISM: molecules -line: identification -molecular data -molecular processesradio lines: ISM Phenyl, the cyclic radical C 6 H 5 shown in Figure 1 , is a crucial intermediate in combustion and soot formation (Glassman 1996 and references therein) and may also play an important role in the chemistry of the interstellar gas and circumstellar envelopes. It is believed that phenyl is the first aromatic radical formed along a reaction pathway that begins with ions and molecules containing two or three carbon atoms and leads to polycyclic aromatic molecules (Woods et al. 2002; Kaiser et al. 2000) . Although well characterized by electron spin resonance and by UV, visible, Raman, and IR spectroscopy (Friderichsen et al. 2001 and references therein), the radio spectrum of phenyl until now has eluded detection; in the absence of accurate rest frequencies, no searches for phenyl to our knowledge have been undertaken in astronomical sources. Here we describe the detection of this fundamental radical in a discharge through benzene by both Fourier transform microwave (FTM) spectroscopy and millimeter-wave absorption spectroscopy, and give the spectroscopic data needed for an astronomical search throughout the radio band.
Phenyl, the cyclic radical C 6 H 5 shown in Figure 1 , is a crucial intermediate in combustion and soot formation (Glassman 1996 and references therein) and may also play an important role in the chemistry of the interstellar gas and circumstellar envelopes. It is believed that phenyl is the first aromatic radical formed along a reaction pathway that begins with ions and molecules containing two or three carbon atoms and leads to polycyclic aromatic molecules (Woods et al. 2002; Kaiser et al. 2000) . Although well characterized by electron spin resonance and by UV, visible, Raman, and IR spectroscopy (Friderichsen et al. 2001 and references therein), the radio spectrum of phenyl until now has eluded detection; in the absence of accurate rest frequencies, no searches for phenyl to our knowledge have been undertaken in astronomical sources. Here we describe the detection of this fundamental radical in a discharge through benzene by both Fourier transform microwave (FTM) spectroscopy and millimeter-wave absorption spectroscopy, and give the spectroscopic data needed for an astronomical search throughout the radio band.
Phenyl is a planar asymmetric rotor with symmetry, a C 2v 2 A 1 electronic ground state, and a calculated electric dipole moment of 0.9 D along its intermediate principal inertial axis b (see Fig. 1 ). Because of the near equality of its A and B rotational constants, phenyl falls close enough to the oblate symmetric top limit that its rotational spectrum is that of a symmetric top with slightly broken symmetry. Owing to the interaction of the unpaired electron with molecular rotation and with the magnetic moments of the five protons, the lower rotational transitions are split into many resolved hyperfine components, but the hyperfine structure (hfs) collapses with increasing frequency, yielding in the millimeter-wave band a fairly simple rotational spectrum with spin doubling that is well described by a small number of spectroscopic constants.
To detect phenyl, we first undertook a FTM search for the (Tonokura et al. 2002; Vereecken et al. 2002) , using experimental conditions that optimized the production of o-benzyne, the closely related C 6 H 4 ring (Brown, Godfrey, & Rodler 1986) . Using benzene as a precursor gas, a series of closely spaced magnetic lines with approximately the right multiplicity were found within 1% of the literature predictions. Subsequent searches for other transitions yielded additional series of closely spaced magnetic lines of comparable intensity, the centroids of which could be predicted to a few MHz. On the basis of the preliminary rotational constants derived from the FTM measurements, searches for the millimeter-wave lines of phenyl were then undertaken, again at conditions that optimized the production of o-benzyne. Much to our surprise, lines of o-benzyne and phenyl-detected in either case within 50 MHz of those predicted-were remarkably strong when observed with our free space millimeter-wave spectrometer (Apponi et al. 1999) , as the spectrum in Figure 2 shows. Phenyl was produced in a low-pressure direct current discharge through a flowing mixture of benzene and argon. The flow rate of argon at standard pressure and temperature was 2 cm 3 minute
Ϫ1
, and the total pressure in the cell with the discharge on was about 4 mtorr. The strongest lines were observed with a fairly low discharge current of 75 mA and the walls of the cell cooled to 220 K. Under these conditions, lines of phenyl are about 5 times weaker than those of o-benzyne, but the mole fraction of the two species is comparable ( ; i.e., a concentration of
), owing to the difference in dipole moments (a 10 3 # 10 factor of 2.5) and the absence of spin doubling (a factor of 2) in o-benzyne. Phenyl is more than 1000 times more abundant than the linear C 6 H radical observed with the same spectrometer in a discharge through acetylene and argon at a lower temperature (120 K) and somewhat higher pressure (20 mtorr).
In all, 62 rotational lines, each split by spin doubling from the unpaired electron, were measured between 150 and 330 GHz for the normal isotopic species; a comparable number of lines (50) were measured for C 6 D 5 when fully deuterated benzene was used in place of benzene. When the transition frequencies were analyzed with Watson's A-reduced Hamiltonian, the millimeterwave spectrum of phenyl was reproduced with seven spectro b From o-benzyne (Robertson, Godfrey, & McNaughton 2003 and unpublished data) .
c Assumed to be positive. d Scaled from C 6 H 5 by the ratio of the C rotational constants. e Inertial defect of benzene extrapolated from its partially deuterated isotopic species (Oldani et al. 1988 ).
f Average inertial defect of 1, 2-and 1, 3-benzene-d 2 (Oldani et al. 1988 ).
), and one component of the spin-rotation tensor (e cc ). As can D K be seen in Table 1 , all three centrifugal distortion constants are about 30% smaller than those of the well-studied o-benzyne, and the small positive inertial defect ( ) is nearly
identical to that of benzene, confirming that phenyl is planar. A more complete analysis of the data will be presented elsewhere. Molecular structure calculations were performed in conjunction with the present work to determine a precise equilibrium structure of phenyl, as well as accurate harmonic and cubic force fields. The CCSD(T) method (Raghavachari et al. 1989 ) was used together with the cc-pVTZ basis set (Dunning 1989) in the geometry optimization; rigid rotor constants (B e ) were based on the corresponding equilibrium structure. These were then corrected for centrifugal distortion (Gordy & Cook 1984) and vibrational effects (Mills 1972 ; using the anharmonic force field calculated at the self-consistent field SCF level) to yield the predicted rotational constants in Table 1 . Full details of the calculations will be given elsewhere.
The identification of the molecule has been established beyond a reasonable doubt by the following tests: (1) the experimental rotational constants agree to within 0.1% with those predicted by high-level molecular structure (ab initio) theory, as Table 1 shows; (2) many lines of the fully deuterated isotopic species have been detected at exactly the predicted isotopic shifts (to within 0.07%); and (3) as expected for the paramagnetic doublet electronic ground state of phenyl, the assigned lines exhibit a pronounced Zeeman effect when a strong permanent magnet is brought near the molecular beam of our FTM spectrometer, and the lines in the millimeter-wave band are also modulated in a magnetic field of 50 G.
Many transitions of phenyl are accessible throughout the centimeter-and millimeter-wave bands. A prominent feature in the millimeter-wave band is the occurrence of an R-branch series approximately every 6 GHz (i.e., twice the rotational constant C). As shown in Figure 2 , each series consists of four or five closely spaced rotational transitions of comparable intensity, which are further split by spin rotation into two components of nearly equal intensity. The hfs can be calculated approximately from the electron spin resonance data of Kasai et al. (1969) ; it collapses to less than 1 km s Ϫ1 in the millimeterwave band and can be neglected in a deep astronomical search. Listed in Table 2 are frequencies in the millimeter-wave band predicted with the spectroscopic constants in Table 1 . An expanded version of Table 2 is available from the authors.
Two possible routes for the production of phenyl in space Note.-Frequencies are in MHz. Owing to spin doubling, each rotational transition is split (by roughly 5 MHz) into two components of nearly equal intensity. Tabulated transitions are for the first three K-components in each R-branch series. Transitions between 116 and 125 and between 175 and 215 GHz are omitted owing to high atmospheric opacity.
a The lower frequency spin component is the origin of the R-branch series. are (1) electron recombination with the C 6 H ion for which a ϩ 7 plausible mechanism has been proposed for regions with a high UV flux, such as the protoplanetary nebula CRL 618 (Woods et al. 2002) , and (2) photodissociation of benzene in the UV (near 200 nm) for which phenyl is the primary photoproduct (Yokoyama et al. 1990 ). One also wonders whether mechanisms proposed for the production of phenyl in combustion processes are relevant to the formation of aromatic hydrocarbons in carbon-rich stellar envelopes (Cherchneff, Barker, & Tielens 1992) .
We have found no indication of phenyl in several published spectral line surveys of standard molecular galactic sources. Our limit for the column density of phenyl is 10 times higher than the column density observed for c-C 3 H 2 in Orion, IRC ϩ10216, and Sgr B2 (Madden et al. 1989; Kawaguchi et al. 1995) , in part owing to the fourfold smaller dipole moment of phenyl and its 13-fold larger rotational partition function. We have also examined published spectra of CRL 618. The envelope of fairly cold gas surrounding the central star is a rich source of polyatomic molecules (Bachiller et al. 1997) , and benzene has been tentatively identified with the Infrared Space Observatory in the photon-dominated region (PDR) close to the star . Our limit on phenyl in this source is comparable to the derived column density of benzene, but a deeper search there might yield a limit 5-10 times lower. The high apparent abundance of benzene in a region of high-UV flux suggests that sensitive searches for phenyl in other PDRs might prove successful. Limits on the column densities of phenyl are summarized in Table 3 .
The present work demonstrates that the benzene discharge is a rich source of cyclic organic molecules of relevance to interstellar chemistry. In addition to phenyl (see Fig. 3 , compound ), the reactive ring o-benzyne ( ) has been detected in 1 2 the present discharge, and the existence of the isomeric pbenzyne ( ) may be plausibly inferred from the detection of 5 its ring-opened isomer, the acyclic enediyne ( ). Highly en-6 ergetic polar isomers of C 6 H 6 , including fulvene ( ) and benz-7 valene ( ), which lie 1.3 and 3.1 eV, respectively, above ben-8 zene, are also readily detected. These polar isomers of aromatic compounds represent intriguing candidates for radioastronomical detection.
Beyond the parent hydrocarbon molecules described in the present study, laboratory measurements of other reactive rings and high-energy isomers may now be feasible. Analogs of the molecules shown in Figure 3 with polar substituents (CN, OH, Note.-E/k is the energy of the upper state of the transition, S is the asymmetric rotor line strength, and T mb is the estimated 3 j upper limit to the peak line intensity corrected for atmospheric absorption and beam efficiency. The upper limit to the column density N limit was derived for an assumed line width and rotational temperature T rot , where the rotational partition function Z rot is .
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Dv 16.55(T ) rot a Nobeyama 45 m telescope (Kawaguchi et al. 1995) . b Kitt Peak 11 m telescope (Turner 1989) . c Owens Valley 10 m telescope (Sutton et al. 1985) . d Goicoechea et al. 2001. CO 2 H) or heteroatoms (N, O, P, S) in the ring will generally possess large dipole moments and are therefore good candidates for astronomical detection. In general, the strategies for inferring the existence of symmetrical molecules in space-introduction of a polar CN substituent, removal of H, addition of H ϩ , detection of polar isovalent species, etc.-should work well for aromatic rings. Future spectroscopic studies of this type are likely to reveal important facets of the organic chemistry of interstellar clouds.
Lines of phenyl are so intense in the millimeter-wave band that it may be feasible to detect the 13 C isotopic species in natural abundance. Important structural information can be derived from the rotational constants of the four inequivalent 13 C species: specifically, the bond lengths and angles of all six carbon atoms in the ring. It also may be possible from the isotopic spectra to determine the Fermi contact hyperfine coupling constant (b F ) at different carbon atoms and thereby estimate the degree of localization of the unpaired electron in the ring. From electron spin resonance measurements of phenyl trapped in an inert matrix, it appears that b F is very large at the carbon atom where the unpaired electron is formally localized in Figure 1 . Such investigations are worth undertaking, because phenyl is a prototypical reactive ring whose geometric structure and chemical bonding are of considerable interest.
